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Eleot r oiPh oretic coat in gs from Organic Solutions 

Fahnoe ar.d cO"Workers[28 J deposited aluminium 
oxide and nickel oxide particles of 'veTj fine size (325 rnesh) 
from thick paste in isopropyl alcohol, with a direct 'cuirrent 
under 100 Y applied for 10 seconds. The suspension produced 
a cathodic coating approximately 0.4 x 10 inch thick, with 
an electrode spacing of 3 cm. After appropriate post 
treatments, the coating -was useful as meta.l bonded abrasive 
surfaces for precision laps and dies. 

Benjamin and Osborn [6] investigated the deposixion 
of carbonates of barium- strontium (0.5 -- 50 \x particle dicsnot 
using nitrocellulose binder and acetone o.s the suspension 
media. To reduce particle settling and solvent evaporation, 
small quantities of ethylene glycol were added. 

Senderof and Reid [26] have deposited dense 
barium titanate on metal sheets. The appropriate amounts of 
BaTiO^, diethyl gl 3 -coi, dimetlr/l ether, a,nd kentol-60 were 
mixed and ball milled for about 18 hours. The additioiiEl 
amounts of dimeth}/! compounds t'-ere added and milling continue 
for another 2 hours. The resultant colloidal suspension was 
used for electrophoretic deposition with a metal screen 
cathode and a metal sheet aiode. Deposits approximately 
0.003 inch, thick '.rere obtained on the anode in about one 
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Electrophoresis has been successfully employed 
in painting technology, medicine and biological separation 
work. Here an attempt has been made to apply this technique 
in coating of metallic oxides on conducting substrates from 
water media. The historical devel-opments and principles 
of electrophoretic deposition are discussed in the first 
two' chapters. The results of detailed investigation on 
phenomenon of electrophoretic transport o,nd optimum coating 
conditions are presented in the third chapter. The fourth 
chapter deals with an afford made to develope oxidation 
resistant alumina coatings on graphite rods and preparation 
of Hi-Cr-Fe composite on mild steel plates. 
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CHAPTEi^l 
INTRO PUCT I OH 


Though electrophoresis is known from a long- 
time, recently it has drawn the attentioJi of quite a few 
research workers because of its technologica]. importance. 

This chapter is therefore exclusivel5r devoted to outlining 
the historical development vj-ith special iinphasis on metallu- 
rgical application and relevant literature review. 

1 . 1 Ele ctropho resis 

Electrophoresis is the phenomenon associated 
with the movement -of colloidal particles, suspended in an 
a.queous or non-aqueous media in an electrical field. 

1. 2 His tory 

The phenomenon of electrophoresis was discovered 
in 1808 by Reuss[l5], a Russian physicst, who found that when 
electricity was passed throu^ a glass tube containing a 
water suspension of clay, the clay particles migrated towards 
the positive electrode. Electrophoresis is believed to have 
been first used for metal and metal oxide ;deposition in 1927 
by Harsani [28'], who applied the process to deposit tungston 
and thorium oxides on platinum cathodes. Since then wide 
spread applications have been made in the electronics, wire. 
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rubber, ceramics and other industries [?]. The study of 
deposition from aqueous systens x^ras not tachled academically 
until 1948 , and not until 1963 was the fiirst full scale 
industrial plant in operation [ 5 ]. 

1 • 3 Applicat ions 

Although the phenomenon of electrophoresis has 
been observed and investigated for almost 100 years, only 
limited use has been made of electrophoresis as a method of 
applying coatings to materials. Early investigators [ 3 ] 
concerned themselves with depositing coa.tings such as rubber 
latex, but these were not required to adhere the substrate, 
which was essentially a mold. A technique for coating the 
inside of tin cans x/ith wax was also developed [l] but never 
applied. 

The interesting metallurgical applications of 
electrophoresis have been revived in recent years [lO- 12, 15, 18, 2 
The process of electrophoresis may give rise to several 
possibilities. 

(1) The refractory oxide coatings on metal 
substrates can be obtained after sintering. 

(2) The oxide coating can be carburized to give 
hard wear resistant carbide coats on metal substrate. 
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(3) Tlie metallic coatings can be easily obtained 
after reduction of oxide coatings. In case of two oxides 
co-deposited, alloys may be formed. 

( 4 ) It is possible to produce metal-oxide 
composite coat through, preferential reduction of one oxide 
in a oxide mixture. 

( 5 ) The method has also bee.n applied in fabrication 
of ceramic tubes and crucibles. 

(6) The deposit may also be transformed into 
porous membrajies for various end uses, e.g. electrolytic 
cells, filters etc. 

1 • 4 l ite rature Rev iew 

Although the phenomenon of electrophoretic 
deposition was discovered a century ago its exploitation in 
laboratory investigation or commercial application has been 
slow and sporadic. For example although a technique for 
coating the inside surface of tin cans by wax was described 
in the literature ‘fi'l, the technique wa.s neither persuaded 
in the laboratory nor applied commerically. Moreover, most 
of the early investigations were non“metallurgical in nat'ure. 
Some of the poineering investigations, which are of direct 
relevance to metallurgists, are briefly reviewed below. 



Ele ctr oulioreti c oat inff^s from Orga ni c So lut i ons 

Pahnoe and c 0“ worker s[ 28 J deposited aluminium 
oxide and nickel oxide particles of vsty fine size (325 mesli) 
from thick paste in isopropyl alcohol, with a direct 'current 
under 100 V applied for 10 seconds. The suspension produced 
a cathodic coating approximately 0.4 x 10™^'' inch thick, with 
an electrode spacing of 3 cm. After appropriate post 
treatments, the coating was useful as meta,l bonded abrasive 
surfaces for precision laps and dies. 

Benjamin and Osborn [6] investigated the deposition 
of carbonates of barium- strontium (0.5 “ 50 i-t particle diametcir 
using nitrocellulose binder and acetone as 'ohe suspension 
media. To reduce particle settling and solvent evaporation, 
small quantities of ethylene glycol were added. 

Senderof and Reid [B6] have deposited dense 
barium titanate on metal sheets. The appropriate amounts of 
BaTiO^, diethyl glycol, dimethyl ether, an.d ]centol“60 were 
mixed and ball milled for about 18 hours. The additional 
amounts of dimethyl compounds Trere added and milling continued 
for another 2 hours. The resultant colloidal suspension was 
used for electrophoretic deposition with a metal screen 
cathode and a metal sheet anode. Deposits approximately 
0,003 inch, thick ’were obtained on the anode in about one 
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minute using voltages "between 500 to 2000 V. 

Werner and Ride Jr. [31 ] deposited alloy containing 
80 percent Nickel and 20 percent Chromium using a suspension 
of metal and metal oxide powder in isopropyl alcohol, nitro- 
methane, and zein solution. Coatings 2 to 3 x 10 inch 
thick were obtained on the cathode in 30 to 60 seconds at 
20 Y, After the deposition the coatings were deiisified and 
sintered to produce a dense structure with oxidation resistant 
properties. 

Coatings of a number of elements (B, Zr, Nb, Au, 

Mo, W and others) have been attempted using a similar technique 
by Cuthierrez, Mosley and Wallace [l8]’ The particle size 
ranged from 1 p to 20 p, the optimum size being about 6 p. 

It was found that deposition rate increased with voltage at 
low voltages (upto 700 Volts) and decreased with voltage at 
high voltages (upto 2500 Volts). However, the suspending 
media used were isopropyl alcohol and nitromethane, thereby 
accounting for high voltages necessary for deposition. 

Using electrophoretic techniques , ceramic wares were 

\ . ' 

prepared by Andrews et.al. [4] Powers [’ 23 !] and mony others. 

Powers used those alcohols as vehicles which had dielectric 
constants in the range of 12 to 24 and specific conductance 
in the range of 10**'^ to 10”'^ mho cm""^. 


He deposited P alumina 
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on stainless steel electrodes and after deposition, alumina 
tubes came off easily from the mandrel, which had very high 
surface finish. 

Electronhore t ic Coatings f r om So lution ^ _ 

Only limited number of studies on deposition 
from aqueous solutions have been reported in the literature. 
Some of the recent investigations are as follows. 

A study of Pisch[l5] on the electrophoretic 
deposition of aluminide coatings from o^queous suspensions 
used an amine-solubilized acrylic resin as a dispersant in 
distilled water. The pH of the bath was 7.8 to 8.5? and the 
aluminium flake particle size was 7.5 P or less. The voltages 
used in the deposition was between 25 volts and 70 volts. 

KucharskiX22'] has reported successful electro- 
phoretic deposition of thick and 0 r 20 ^ coatings from an 

aqueous suspension containing 22 g of oxide per 100 ml of 
v/ater. These coatings were carburized at higher temperatures, 
using CO-CO 2 mixture to produce hard and wear resistant 
carbide surfaces. 

Galey[lO] have investigated electrophoretic 
transport for the suspension of oxides HiO, Cr20^, Fe20^, 

MnO and Ti02 in aqueous suspension. Electrophoretic mobilities, 
Zetapotential, specific conductivities, viscosities and optimum 



7 


plating conditions have been studied a,s a function of oxide 
CQFLcentration, pH, and temperature. He has shown that 
increase in temperature and or voltage decreases the par- 
ticle mobility and hence Zetapotential. The viscosity and 
conductivity of the various colloidal suspensions increase 
with an increase of pH and concentration of the suspension. 
Using suitable conditions coherent, well adhering and uniform 
plated films were obtained with suspension containing FCgO^, 
HiO, Ti02. The aqueous medium ^^sed by Caley 

contained polyacerylic acid as dispersant and tri-ethylamine 
as neutralizing base. 

1.5 Choice of Medium 

In electrophoresis the electrolyte bath is 
of great importance. It comprises of particles suspended 
in a given liquid known as dispersion media. Thus, the 
selection of media is of particular intorest in electro- 
phoretic coating technology. 

The choice of suspension medium depends to some 
extent on the coating problems at hand. As a rule, polar 
compounds such as alcohols, nitroparaf fins and mixtures of 
these have been found the most satisfactory. 

Basically, the desired properties of a suspension 
vehicle are low viscosity, hi^ density, low electrical 
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conductivity's liigh dielectric constants lo'^r evaporation 

rate, and good chemical stabilty. Low viscosity and high 

dielectric constant favour a high particle velocity, whereas 

high density tends to reduce the settling rate. Lovr electric 

6 2 

conductivit 3 r (lO”^ to 10~ mho/cm*^) is necessary to control 
the secondary electrode effects (gassing sind heating). 

Gassing is undesirable since it damages the deposit, and 
heating often causes flocculation of the suspension. A low 
evaporation rate is essential for solvent conservation, and 
good chemical stability preserves suspension life. Properties 
of some of the more common dispersing vehicles are shovm in 
Table- 1,1, 

Table 1. 1 Solvent V ehi cles 


Solvent 

Dielectric 

Oonstant 

Density 

g/cc 

Yiscosity, 

Centipoise 

Acetone 

21,5 

0.792 

0.316 (25°C!) 

Ethanol 

25.7 

0.793 

0.597 (20°0) 

Propanol 

20.3 

0.804 

2.26 (15°C) 

Isopropanol 

18.3 

0.786 

2.86 (25°C) 

liFitrom ethane 

35.8 

1.139 

0.631 (25°C) 

Water 


1.00 

1.00 
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Organic liquids have been used as the media 
since they have higher densities, good chemical stability, 
low electrical conductivity etc. These media were used 
early requiring voltages of the order of 2000 volts, since 
the dielectric constant of the organic solvent is lower 
than that of water. However, they have been used more 
frequently than aqueous medium. Again, many organic solvent 
are toxic in nature and therefore health hazards requiring 
special handling. They are often expensive. Aqueous 
solutions are generally expected to be free of aforesaid 
disadvantages of organic solutions. Accordingly some recent 
investigations have been directed at deposition from aqueous 

suspension, [10-12, 15]. 

The migration of particles suspended in a liquid 
medium under an applied potential has been widely investigate^ 
particularly in the paint industry, the field of medicine, end. 
more recently, the automobile industry. Though, general data 
concerning the motion of fine particles, both in aqueous and 
organic media is available, the effects of individual para- 
meters, such as pH on a specific system should be investigated 
before using this data as a base for further study. 
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A large nmler of other parameters influence 
the phenomenon of electrophoresis. These include the physico- 
chemical nature of the suspended particles being deposited, 
the nature of the medium, voltage, current etc. Consequently 
detailed experiments need to be undertaken to assertain the 
optimum deposition conditions. 

Thus, the present work involves the use of 
electrophoresis in plating various substrates with metal 
oxide powders from aqueous suspensions. 1 detailed investigatioi] 
was carried out in order to obtain optimum coating conditions 
for a given metal oxide. 


Because of this, the present study includes the 
factors affecting the mobilty and Zetapotential of ITiO, 

Or 20 ^ and powders. SlCects of voltage, concen- 

tration of the suspension etc. arc also considered. The 
information gathered from these stiidies is then applied to ''Irk.. 
a condition suitable for plating of iron electrodes with IfiO 
and Cr20^ mixtures. These deposits were further sintered 
under a reducing atmosphere to obtain a stai.nless steel 
composites. A separate study is aH-so made to deposit alumin," 
on graphite rods and plates, which in turn are sintered at 


high temperatures in an inert atmosphere in order to incro,'/.' 
the oxidation resistance of graphite. 



CHAPTER 2 


THEORETICAL GORSIDERATIORS 

This chapter deals with various theoretical concepts 
involved in explaining the migra'tion of suspended particles 
in a media under external electric field. Different models 
of the existence of electric double layer, the concept .of 
zetapotential and mobility of particles xcLth associated 
parameters are presented in brief. 

2»1 The Electrical Double La.ver 

A colloidal substance is one which is in a fine state 
of sub-division [5]. In. a system where these colloidal 
substances are suspended in a fluid medium, properties of 
surfaces and interfaces are important,. 

The term, ’Electrokinetics’ of suspended particles in 
a suitable medium includes electrophoresis, electro -osmosis, 
streaming potential and sedimentation potential. The most 
important of these are electrophoresis, which is the movement 
of the charged surfaces relative to stationary liquid by an 
applied field [27] and electro-o;^osis, which is the movement 
of the liquid relative to a stationary surface by an applied 
electric field, 

A property of colloids which, in genei-al, occurs when 
any two phases come into con'I:s.ct is the establishment of a 
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potential difference across the interface between the phases. 

Most substances acquire a surface electric charge when brought 
ill contact with a polar medium. The direction of electrophoresis 
and its complement, electro -osmosis, are indicated, with 
reference to a charged solid surface, in Figure 2.1, The 
picture of electric double layer is shown in Figure 2.2. 

2,1,1 Helmholtz Model 

Helmholtz in 1879 [4,l6] introduced a parallel plate 
condenser model for the electric double layer, schematically 
shown in Figure 2,3. It liras postulated that to electrically 
balance the surface charge, oppositely charged ions from 
solution approach the surface. Thus the double layer consists 
of two plane layers of charge, the one Og on the solid the 
other in the solution. This picture of the double layer 
is analogous to parallel plate condenaor, 

a = - Ot = 7 — -“T V (2.1) 

s L 4 Tt 5 ~ o 

where ^ is the iDotential across the double layer, e the 
appropriate dielectric constant, 6 is the distance between 
the layers. The capacity per unit area, C of the molecular 
condenser is then given by 


C = 



„ £ 

~ A Tz 6 


( 2 . 2 ) 


This model predicts constant capacity of the double 
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(a) (b) 


Fig, 2.3 -The Heimhoitz model of the double layer (a) mo'* 
pictufe, (bi variation of potential with distance *]'■■ 
the metal - solution interface. 



distance^ x 


(a) (b) . . 

Fig, 2,4 -The Gouy - Chapman, diffuse - charge model of the ; 

double layer ; {a) moiGcular. picture., (b) variation 

of potential with distance from dhe metd:! - solution 

, ''interface.' 1 ^ ■; ■. , y" '■ i F c '■ 
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layer detenained 13^ the size of ions near the surface and 
is independent of and solution concentration - and 

hence can not be ralid in reality. 

2.1.2 G-ouv-Chaniaan Model 

A more realistic model [9] of the electric double 
layer was proposed independently by G-ouy in 1910 and Chapman 
in 1913 and is known as the Gouy-Chapman or Diffuse Double 
Layer model. This model is represented in Pigure 2,4. 

These authors proposed that ions (in solution), 
responsible for electroneutrality, diffuse away from the 
surface because of thermal energy. On the basis of the 
equations deduced from Go ijy -Chapman model [9], it is shown 
that (a) abnormally large counter-ion concentration near the 
surface, and (b) abnormally large value of capacitance at 
potentials from PZC (Point of Zero Charge) exist, 

2.1.3 Stem Model 

Stern [27] in 1924 proposed an improved model in which 
the double layer is divided into two regions sepaz'ated by a 
plane (stei^n plane) located about a hydrated ion radius from 
the surface. The charge distribution on the solution side 
of the double layer is made up of (i) an ionic layer of 
charge lying in a plane parallel to the interface but at 
a distance 6 (of the order of moleciilar dimension) from it 
and (ii) the diffuse space charge of the Gouy-Chapman 


model 
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a = -(cT^ + (2.3) 

The zetapotential is measured between surface of shear 
and the diffuse layer, and thus depends on the nature of the 
mobile part of the double layer. This is schematically illus- 
trated in Pigure 2,5. 

Stern also called attention to the importance of 
specific adsorption at the interface. His picture of double 
layer in the presence of specific adsorption, includes in 
addition to the smoothed out surface charge, and the diffuse 
space charge, a layer of specifically adsorbed ions which may 
exceed in magnitude the charge on the surface and then 
potential at this layer may have a sign opposite to that 

of ^ (surface potential). 

According to this model the inner region of the double 
layer, not provided in the G-ouy -Chapman model, may be conceive 
of as a molecular condenser filled with solvent molecules. Th 
fundamental relations of the diffuse layer will still apply 
provided we substitute ^ by in the equation. 

The differential capacit3r C of the double layer is 
related to C^, the capacity for iniaer layer and 0^ that for 
the diffuse layer by the equation 

C = 

■ d o • do 


C 


(2.5) 





(b) 

g. 2.5-Schematic representation of electric double layer 
according to stem's, theory : ■ 

(a) molecular picture (b) .variation of potential 
with distance irom the solid - {iguid interface, 
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This is equivalent to srystems consisting of two 

condensers in series. According to this model, variation of 

total G t-rith respect to change in o from PZC, would not be 

s 

very stoep because main change is in and not so much in 
G^. The prediction from this theory has better fit (than 
that of Gouy-Chapman model) with the experimental values. 

2*2 Mathematical Analysis nt TTLectric Double Laye r 

In analysing the electric double layer around a charged 
particle, two distinct approaches have evolved. In one, the 
charged particles are considered as point charges and the 
other deals when the ratio of radius of curvature of the 
particle to double layer thickness is large. In this case 
the double layer is treated as being flat, 

2.2.1 Pl at Double layer Model ; The Stooluchowski egtiation [2,1 6] 
Consider the motion of the 3.iquid in the diffuse part 
of the double layer relative to that of non-conducting flat 
surface. Itfhen an electric field"^ is applied parallel to the 
surface (Figure 2,1), eachlayer of liquid will obtain an 
uniform velocity which is parallel to the surface. The 
electrical and viscous forces will balance. 

The viscous forces on a liquid la 3 ^er of unit area, 
of thickness dx, at a distance x from the surface, and having 
a bulk charge density may be eq^iated to the electrical 
force on the same liquid layer. Thus, 



-§.-5-dx = ( n S )x+ax 


X 


where n = tlio viscosity of tho liquid layer, 
Tlie Poisson equation can loe written as 
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dx dx' 


(2*6) 


3 ^ r] -Y- ^ 


dx ^ 


4 TT dx dx '' (2*7) 

where e = the dielectric constant of the medium, and 


S-' = the potential, 


Thus; 



d. / dM-'x d / 
dx Kx ’ - dx 


dv \ 

dx< 


( 2 , 8 ) 


Integrating equation 2,8 

<2.9) 

Now at X = CO, = 0 and ^ = 0, Thus, the integration 

constant = Qi Dquatipn 2^9 2i.ay te integrated again giving 


- - nv + const, (2,10) 

Por elcctrophoresi.s> the houndary conditions are Np = 0, v = 0 
at X = CO and Z, v = v^, at the surface of shear, where 

Vg = electrophoretic velocity and 
Z = the 2 eta potential. 


Therefore, 


tt ^ 


(2.11) 
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( 2 . 12 ) 


where laj, is in cm sec”^/volt cm”^, Z is in volts, and n is in 
centipoise. Thus, according to the Smouluchowski equation, 
the electrophoretic mobility of a colloid particle of large 
radius of cuirvaturo relative to tho double layer thickness 
in an applied electric field is independent of its size and 
shape provided that the seta potential is constant. 


2,2.2 Point Charge Model.; Euckel Equation 

In this model the spherical particle is treated as a 
point charge. If the spherical particle is large enough for 
stokes’ law to apply, the electrical force on the particle 
may be equated to the frictional resistance of the medium. 
Thus, 


or 


= 




® ” “a 


V 


Q 


E 


E ^ 

6 7c Taa 


(2.13) 

(2.14) 


where = the net charge on the particle (the electrokinetic 
unit ) 

= the potential gradient 
n = viscosity of the medium 
a = particle radius 
v^ = electrophoretic velocity 
= electrophoretic mobility. 
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Now, the z etapotential is the resiiltant potential at 'the 
surface of shear due to charges +Qg of the electrokunotic 
unit and -Qp of the mohile pa-rt of the double layer. 


Thus, 


Z 


E a 



e(a + 




(2.15) 


where e = the dielectric constantof the electrolytic medium, 
and Eh. = ratio of radius of curvature of particle to the 
double layer thickness. Since a point i-ras assumed, then Za 
is small compared to unity. Therefore, 


U-, = (2.16) 

6 71 n ... 

whore is in cm sec /volt cm” , Z is in volts and n is in 
centipoiso. Thus, from these two models prescribed it is 
evident that the assumed shape of the colloidal particle 
affects the zota potential. 


2.2.3 Henry Model 

A third concept, postulated by Henry [2,3] took into 
account the conductivity of the two phases. For spheres, 
the mobility becomes 

H ^ 2.17 

where IC' = the conductivity of the col3-oidal particle and 
Z = the conductivity of the surrounding liquid. 
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Thus, the expression No. 2.17 reduces to 4"^ 
form if = 0, and to the Stc form if = K. Although 
there is disagreement concerning the effect of size and shape 
of colloidal particles on their mobility and Zetapotential, 
the Smoluchowski equation has been xiridely used for colloidal 
systems. Abramson and Michaelis [l], investigated the 
influence of size and shape on the velocitjr of long narrow 
asbestos needles and those of spherical chroplets of various 
oils. The relative velocity of the asbestos needle and the 
oil droplet was 6.4 and 6.8 respective2.y. This difference 
in the mobility is accountable if the effect of particle 
size and shape is taken into consideration. 
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2,3 fiotro-nh-o retie PeDOsition 

By definition, electrophoresis is only responsible 
for increasing the local concentration of resin in the 
vicinity of the anode, and is not involved in any subsequent 
phenomena. 

Anionic substances, which can discharge themselves 
to the anode, can be 3-istcd as: 

(i) Simple inorganic anions, arising from extraneous 
electrolytes which may be present as impurities, catalyst 
residues etc. 

(ii) Particles carrying ionisable^ anionic groupings 
as a part of the polymer chain. Some of these groups will 
be situated |.t the surface of the particle and therefore 
bo able to ionise in aqueous phase and give the particle a 
net negative charge. 

The electrolysis of the medium of suspension mil also 
occur simultaneously alongwith the electrophoresis. Electro- 
chemical reactions taking place at the anode and the cathode 
involves the formation of oxygen and hydrogen respectively. 
This f^irther complicates the understanding of system. 

According to the Einn and Mell [14] the film deposition 
is largely dependent on coagulation of the polymer solids at 
the anode tlarough the formation of insoluble metal cations 
produced by the electrolysis of the anode itself. Thus, a 
zone of low pH is produced around the anode by the discharge 



24 


of hydroxyl ions to produce molecular oxygen and hydrogen 
ions. The resin is thon precipitated in the form of the 
unionized acid on metals, ions leaving the anode will 
interact with the resin to give insoluble salts. 

However, according to Taxm and Bcriy [30] there arc 
two mechanisms loading to the precipitation of the resin. 

The main process is the production of hydrogen ions which 
neutralize the rosin anions, and precipitate the resin in 
acid form, while a secondary process involves the dissolution 
of the anode metal, thereby producing insoluble metal salts. 

Further theories [25] involve neutralization of the 
resin in the double layer before deposition, leaving the 
repelled water dipoles behind as components of the double 
layer. 

As can bo seen,- there is much disagreement concerning 
the mocbia.nism involved in the coa.gulating of the resin at 
the anode. 



CHAjgEE 3 


ELECTROPHORETIC THAITSPOST PROPERTIES AlW DEPOSITION 
Oi? THE METALLIC OXIDES TiO^, HIO, Cr20^, ^^ 2^3 

Al^O^ ni AQUEOUS SHSPEMSIOHS 

THe effect of pH and solid concentration on mobility, 

zetapotential, specific conductivity and viscosity of aqueous 

suspension is considered, in this chapter. Determination of 

optimum plating condition, for deposition of oxides TiO^ and 

Al-0™ is also included. 

2 5 

3 . 1 Eloctronhoretic Transuort of Metal Oxides ; 

5 . 1. 1 Introduc tion 

The study of mobility and zetapotential with respect 
to pH of Ti02, HiO, Cr20^, Pe20^ and Al20^ has been imdertaken 
to determine the relationship between these parameters and 
plating characteristics of the oxides. . 

As a rule, oxide,: powders such as Ti02 and are 

not dispersed into their individual particles in a suspension 
[10]. The size of aggregates present is dependent on the 
concentration of the powder, the dispersing liquid, the 
divspersing agent, and pH, Thus, before mobility studies can 
bo undertaken, the particles of interest must be satisfactorily 
dispersed. An aqueous dispersing medium was chosen for the 
present study, because of the advantages of using aqueous 
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baths for electrodeposition. The use of electrophoresis 
in plating pi-oc esses arc normally based on the use of 
organic dispersing media, such as isopropanol or nitro- 
methane [15] which have a number of disadvantages including 
the fire hazard when n.sing large volumes and voltage in the 
process. 

It is therefore, necessary to obtain a dispersing 
agent which, when added to the aqueous— oxide powder bath, 
would result in a stable SLisponsion. ManiT* such agents are 
available, including viscoiis oils, alkyd resin, melamine, a,nd 
acrj^iics [10]. Use of waxes, ureaformaldehyde resin and 
shellac has also been reported [10]. For the present stud 3 r 
many such reagents were tried viz. sodi-umpyrophosphatc, 
al-uminium nitrate, sodiiim silicate and polyacrylic acid. Out 
of these, a polyacrylic acid, acrysol A~5 was found satis- 
factory, and was used throughout the experiments. Acrysol 
acts as a dispersont (activator) and a binder as wolD.. 

The various methods [16] of mioasurcment of the volocit.y 
of electrophoresis of moving particlo can broadly bo classi- 
fied into tiTO categories, microscopic and macroscopic. In 
the microscopic method an individual xof’-xticlo in motion under 
an apjp3-iod pptential- -iS! studied vrheroas, the movement of the 
bulk suspension can be considered in the macroscopic which 
is also knoma as moving boundary elcctr-ophorosis technique. 
Although the microscopic procedure has several advantages, 
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in tlie rcspGct of simplicity, time required and information 
it gives concerning the size, shape and orientation of the 
particxos, the macroscopic method considers the movement of 
the hulk suspension which is of more interest in plating 
from such suspensions* 

In plating on a given substrate, the film thickness 
(or weight), as well as the -vi/ater content of the film have 
a decided effect on the quality of the resulting plate. 

Thus, care must be taken to predetermine these factors. 
Parameters such as viscosity and conductivity of a given 
suspension are only indirectly related to the resulting film 
quality and hence are determined. 

It has been reported [12] that the films of TiO^ 
obtained exhibited a great deal of rupture, due to the escape 
of trapped, gases. This occurrence was removed by obtaining a 
suitable plating voltage, time, suspension concentration and 
size of the powder particles, 

Ta>m and Berry [50] noticed that there ^t-ra-s no change 
in the coulombic yield with concentration for these oxides. 

In most cases there was an increase in coulombic yield, 
as vrell as coating deposited with an increase in concentration, 
as reported by Galey [10], 



3.1.2 Exnei- iment 
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!3a t er 1 i Is 

Polyacrylic acid, aery sol A- 5 ’S'^as obtained from 
Roiim and Haas Company, Philadelphia ('CT, C.A. ), Some of the 
properties are listed in Table 3.1<. The Pig. 3.1 shows 
the effect of pE variation of deionized water b,y adding 
acrysol. pH decreases with addition of acrysol. 


TABIP 3.1 


Phys.ical P?lQjDerties , ,pf ^^korxspl Ar3. 


Polymer concentration 
pH (5 percent aeneous solution) 
Dissolution with water 
ilolecular weight 
Brookfield viscosity 


25 percent 
approx. 2 
Infinite 

Less than 300,000 


5 Percent concentration 20 cps 

25 Percent concentration 18,000 cps 


Deionised water (D. I. water) wa,s prepared in 
I.A. 0. water plant using mixed bed resin demineralizer. The 
specific conductivity of D. I, water was between 0.5 to 1.0 
micromhos. 


The oxie’es viz., Ti02, NiO, ^ 620 ^ and 

Al20^ were mostly analytical reagent qiiality. The particle size 
was made to conti-ol within lOp by wet (grinding. Table 3.2 shoi-TS 
the grade, supplier , density values etc. of the powder concerned. 
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Trio thy laminc was obtained from S,M* Chemicals, 

Baroda (G-ujrat), Figure 3.1 also includes the effect of 
pH variation of deionized water by adding triethylamino (TEA). 

Procedure : 

To determine the ^ecific conductivity and viscosity 
of oxide, aqueous suspensions at three powder weight concon-' 
trations (P¥C) 5.2 per cent, 4.0 per cent and 4.8 per cent 
wore prepared by a high speed mechanical stirrer. To each of 
these suspensions, polyacrylic acid (dispersant), was added 
in the ratio of eight weight parts powder to one weight part 
dispersant. This fixed powder to dispersant ratio was used 
in all the experiments which gave most stable suspensions. 

An increase in the dispersant causes floculation while 
decrease resulted in an unstable suspension, 

Becaiise of polyacrylic acid addition the suspension 
was acidic. The pH varied from 5.6 for 3.2 per cent P¥C to 
3.4 for 4.8 per cent P¥C. Prom this point the pH was adjusted 
upto 11 by addition of an organic base, triethylamino 
to the suspension, 

Sirailarly, in mobility moasuromont s, for each oxide 
studied, 100 ml, of aqueous suspension at concentration 0.1 
per cent P¥C was prepared and 0.4g ast' polyacrylic acid was 
added. These additives wore kept constant for all these 
experiments. Adjustment of the pH from this point to a 
higher value was again restored addition of triethylamine. 
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Thus, the pH range covered was from 3.4 1:0 11. The suspension 
were allowed to remain overnight in sealed plastic containers 
"before any mobility measurements wore "being made. 

The ^ecific conductivity was mesisumed with Direct- 
current Specific conductivity meter Type 303, S.ho.ll, 
supplied by S7stronics Co. Ltd., Ahomadabad (India). 

The viscosity measurements wore made by a rotating 
type viscometer, Sheotost -2 (made in ¥est G-ormany). 

P o r mo bility m ea sur cm ont s , z e tarn e t er* ( Z o t am oter Inc., 

How York, U.S.A. ) tjas used. The runs in the electrophoretic 
coll were made by using prescribed voltages [33] depending 
upon the conductivity of the suspension at room temperature 
and at various pH levels. The electrophoresis cell is shown 
in Piguro 3.2, The suspension to be studied was introduced 
in the coll, taking precaution that no air bubble was entrapped 
The power source of the zetamoter consisted of constant 
voltago/constant current unit, with a maximum output of 300 
volts. Platinum anode and Platinim— Iridium cathode were 
plugged on top of each arm of the cell. 

At first the conductivity of the suspension was 

i 

measured by the unit attached to the instrument and accordingly 
the suitable voltage was applied for the electrophoresis. | 

The cell was illuminated by a lac^ source and the particles ; 
were focussed thru’ the microscope using lOx eyepiece and 6x j 
as objective. The time taken by the particles to cover a | 




ectrophoresis cel! to measure mobility, 
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unit distance -^^as measured by the help of timmer. The 
average time was taken after fifty such observations. 

Similarly it was followed for all other pH levels. 'The 
mobility and zetapotential values were thus obtained using 
Henry-Smoluchowsld. formula from the tables provided by the 
supplier of the instrument. 

3.1.3 Results and Discussions 

Relationshin between uH. Specific Conducitivity . 

Viscosity and PWG , 

Typical pH-conductivity and pH viscosity curves for 
are given in Figure 3.3 and Figure 3.4 respectively . 

From the Figure 3.3 it is seen that specific conductivity 
increases with pH, Further, an increase in PWG results in 
a greater conductivity at constant pH, 

From Figure 3.4, an increase in viscosity with an increase 
in pH is also apparjant for the same P¥C, The remaining oxides 
also give similar pH-conductivity and pH-viscosity profiles. 
However, PWG has an effect on both. 

Mobility-pH Profiles for TiO^ and Other Oxides: 

The mobility pH profiles for !ri02 shown in Figure 3.5. 
The pH is varied by sets of addition viz, HGl-HaOH and poly- 
acrylic acid-triethylamine. From the Figure 3.5 it can be 
seen that the mobility of Ti 02 appear to reach maximum at 
pH range 6,5 to 7.2 in both the cases. This also shows that 







pH varied by HCl - Na( 
pH varied by- A - 5 - TE 




Fig. 3.5 - Graph of mobility and zeta potential vs pH profiles 


i 









38 


tile addition of polyacrylic acid-triethyla-Daine increases 
mobilityof the particles as compared to the addition of HCl 
laO ■ 

The h ehavionr of three different nickel oxides are 
shown in figure 3.6, Sample N1 and II2 show continuouo incre 
in the mobility from pH 3, reaches maximum at about pH 6,5 
and then decreases continuously with pH, This behaviour io 
similar to that of TiOg (Figure 5.5). sample N3 behaves 

differently from the first two. ¥ith sample H2, the mobility 

continuously increases xd.th pH. 

The variation in the behaviour of mobility with pH 
of these samples is attributed to the fact that these oxides 
hs-ve different surface characteristics. 

Figure 3,7 shows mobility of Cr^O^ and with pH. 

The mobility of Cr_0„ and Fe„0^ increases with pH, reaches 
maximum of about 3.13 and 5.32 microns sec /volt cm 
respectively and then decrease with pH, Gr^O^ peaks at pH 

6,5 whereas, ^©2^3 about pH 7.0. 

Alumina is stable in acidic as well as basic medium. 

It forms a stable suspension at pH lower than 2 and pH higher 
than 7.00. The stability however increases with pH beyond 
7,0, The behaviour of mobility ^.-ri-th pH for two alumina 
samples Al and A2 is shown in Figure 3,8. These two samples, 
A1 and A2, show -, continuous increase in the mobility in the 

pH range from 4 to 10, 

















Fig. 3.8 -Graph of mobility and zeta potential vs pH for AI 2 O 3 
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It was felt imperative to examine the change in 
mobility pattern of suspended particles when their surfaces 
are modified by a suitable technique. This was done for 
Al^O^ (sample A2) by activating [19] it by an aqueous 
solution of TiCl^ (15 per cent), lOg of -^-120^ was mixed 
with 10 ml of TiCl^ for about 15 minutes. The excess TiCl^ 
was removed. This mixture was kept at 45 °C under vacuum 
for 24 hours. It was then thoroughly washed with distilled 
Tf/ater and dried. Thus, the surface of al-umina was activated 
which is schematically shown below 


Activated 

Al^O^ 

^ TiCl,(l5 per 
^ c ent ) 


OH 

A1 Ti 

OH 


(A-2) 


(A-2 S) 


(3.1) 


The results of mobility measurements of A~2 and A-2S 

are comioared in Figure 5.9. It can be seen that the mobility 

of the activated sample initially increases with pH 3.8, 

reaches maximum at pH 8,5 and then decreases with pH, This 

behaviour as expected is similar to Ti 02 case, except the 

peak value of pH is different. 

The mobilities resulting from different surface 

troatoents have different values [10], although it has been 

reported that inspite of the varying nature of dispersed 

particles, the electrophoretic mobilities for aqueous 

-4 -1 / 

solutions always lie within the range of 2 to 4 x 10 cm sec / 

volt.cm“^[17]. 



microns - 
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The mobilities in the present -work were generally in 
agreement in the range given by G-lasstone [17]. 

Zetanotential-pH Profiles for Oxides 

The mobility- pH profiles are parallel to zetapotential 
profiles. This is expected as the mobility and zetapotential 
are interrelated through Smoluchowski equation as given 
below 

2 = . (5.2) 

Here the dielectric constant e and factor 4 tc represents 
a constant for each oxide concern. Thus, the only dependent 
variable for the mobility is viscosity. The viscosity was 
shown in the figure to vary almost linearly with pH, Thus, 
mobility pH profiles and zetapotential- pH profiles are 
expected parallel in behaviour. 

The corresponding behaviour and values of zetapotential 
with respect to pH are also shown in Figures 5,5 to 5,9. 

The values of tho zetapotential were also in agreement 
in the range given by Glasstone [17], From Alexander [5] 
and data concerning rutile pigments, a common zetapotential 
range is 25 to 60 mv. However, it has been noted that 
adsorbed surfactants or other additives may raise the zeta- 
potential to 250 mV or more. 
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Summary 


S'OTSIAE.': 


The effect of PWCi^i viscosit 5 ^, pH and surface 
characteristic on particle mobility and zetapotential has been 
presented with reference to Ti 02 » fe 20 ^» HiO, *^^2^3 Al 20 ^. 


The viscosity and conductivity of the various 
colloidal suspensions prepared x^as found to increase xd.th an 
increase in pH. There was also a noticable dependence of 
these two parameters on P¥G, a grea.ter PWC resulting in a- 
greater conductivity and viscosity at a given pH level. 


The behaviour of pH~mobility and pH-zeta- 
potentia3. profiles depends upon the surface characteristics. 
The oxides Ti02» Or 20^, HiO and PspO^ eEhabited similar pH- 
mobility and pH-zetapotential curves » each approaching a 
maximum mobility and zetapotential. The oxides like ^12©^ 
have not shox-m this type of trend. 
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3 . 2 Determination of ODtimimi Plating Conditions ; 

3.2.1 Intr odLiction 

The deposition of smooth, uniform and coherent films 
using electrophoresis is considered with reference to the 
factors affecting the qLialitjr of the deposits, Holzinger f 20, 
21] has investigated the effect of pli and hath agitation on 
coulombic efficiency, which in turn related to the weight 
of the film deposited. The pH vjas found to change continuously 
during the deposition. The increase in pH is thought to be 
the formation of 0H“ at the cathode, and tlms the bath must 
ajnjays ..r, be checked since op'timal coating is only achieved 
in a narrow pH range, Bath agitation i^as fotind to decrease 
the coulomb efficiency [20] with rapid stirring, tending to 
striate the films. 

3.2.2 Hxn erim ental 

For each of the oxides taken for the present investi- 
gation, coating conditions such as voltage, time of deposition, 
pH of the suspension and suspension concentration was under- 
taken, Deposition times from 30 sec to 180 secs were 
investigated at voltages ranging from 10 v to 70 v. A 
wide range of pH from 6,0 to 10 was used. In some cases 
mobility peaks at certain pH values in the mobility vs pH 
profiles. This peak value of pH was therefore, used in case 
of TiO^, i^iO and Cr^O^, For each case, the electrode on which 
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tile film was to be deposited, was placed between two cathodes 
of equal size, each at a distance of 3,4 cm, from the anode. 
The electrodes were rectangular in shape, cathodes being 
6.55 cm X 5.55 cm, and anode being 3.5 cm x 3 cm. The 
thickness of both, anode and cathode material was 0,6 mm, 
Ca.thode material was 18s 8 stainless steel and anode firsis 
mildsteel containing 98,75 per cent Pe, The anodes were 
n-umbered to avoid any confusion. 

The apparatus for deposition is slioT-m in figure 3,10 
and the circuit diagram in figure 3.11, The suspension i-nas 
slightly agitated before a run and not during a run, so that 
no unnecessary variables were introduced. 

Each electrode was washed in 8 per cent orthophosphox’ic 
acid solution for 5 min, at 70°C, then thoroughly rinsed in 
distilled water, deionized water and then acetone. The 
plates were handled by inserting a suitable wire through a 
small hole drillBd at the top of each plate to avoid contami- 
nation. 

3.2.3 Results and Discussions 
Preliminary Measurements 

Since the electrophoresis is extremely sensitive to 
the electrolytic medium, some preliminary experiments were 
carried out to examine the nature of deionized water. Using 
the electrode arrangement (Figure 3,10), current vs potential 



y — 

Oxide 

uspension 



Electrode being 
plated 


Dimensions 


Fig. 3,10 - Eiectrophoretici cell arrangement for 




Fig 3.11 - Circuit diagram for eiectrophoretic deposition. 
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graphs were obtained for D.I. water. IPor comparison, purposes, 
similar profiles were obtained mtli distilled and double 
distilled >7ater. Figure 5.12 shows that at the same potential, 
the current decreases as the purity of the water increases. 

In this case the current is least for D.I. water and higher 
for distilled water at the same voltage. 

Figure 5.15 shox-fs that the current generall 3 ?- increases 

xxrith time. Large conductivity of electrolyte is undesirable 

for electrophoretic deposition due to larger IE losses and 

gas evolution at electrodes. The gradual increase in the 

current and thus, the condu.ctivity of -water xd-th increased 

time of exposure is possibly due to dissolution of CO 2 from 
2 + — 

air to form CO^ and HOO^ ions, in solution. This is 
substantiated by the observation that the conductivity vs-lues 
are restored to original values xvhen an inert gas like Ar 
or is bubbled through the solution. The Figure 5.14 shoxvs 
the bubbling arrangement. It has been observed that xrhile 
it is difficult to get electrophoretic deposition from 
suspensions in ’degenerated x-jater', good deposits can hox/ever, 
be obtained again by bubbling Ar. 

Deposition of TiO^ 

In determination of deposition time and voltage, the 
effect of both high voltage and long deposition times x^as 
found to bo detrimental to the resulting film. That is, the 
film of Ti 02 badly cracked vipon drying, and subsequently peeled 







C02 ♦Ar or N2 
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or flaked off the siihstrate. This actioh was jointly 
caLised hy the anode gas being evolved, a phenomena which 
increased vjith voltage and thus current, and the escape 
of water from the film on drying. Thus, the amount of water 
that would escape on drying from ary given film increased 
with the thickness of that film, thereby creating numerous 
cracks and. fissures in the plate. 

After examining several films at various voltages 
and time a satisfactory plate was achieved using 30 volts 
for 1,5 min, and at 3.2 per cent pyc. These conditions were 
maintained throughout the plating experiments conducted on 
each powder. 

In order to determine the optimum pH, a series of 
platings were conducted at various pH values in the range 
of 3.6 to 10.00, The resifLts of those experiments are shown 
in figure 3,15, where pH plotted vs film weight. As can be 
seen from Figure 5,15 a pH of 6,5 to 7.0 ivill result in a plate 
of maximum film weight, A similar plot for HiO is incorporated 
in the Figaro 3.16, 

Figure 3.16 presents the -curve of film wei^t vs time 
used to determine the longth of drying time necessary at room 
temperature to ensure that all the water in the film has 
escaped. As can be seen it is safe to assume that all the 
-[■iratcr lias esca,pod after about 5 to 6 hrs of drying. 
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The mobility and zetapotential profiles for almina 
do not sliow the peaks to obtain a close pH range desired for 
deposition. Therefore, before arriving at optim-um conditions 
for deposition of alumina on graphite substrates, the kinetics 
studies were undei-taken. 

Experimental 

The same experimental procedure iTas followed for alumina 
deposition as that described earlier for TiO^. The anodes 
were rectangular graphite plates of 5.50 cm x 1.35 cm and about 
1 mm thick. They vrere polished upto 3/0 paper and further 
t'jitli linen cloth to give very shining and smooth surface. 

The electrodes were boiled in distilled water, dried in an 
oven and then cleaned with acetone. 

Fresh suspension was used for each experiment. 

Kinetics of Al^ O^ D eposition 

Effe c t o f Deposition time and Current 

Figure 3.17 shows that the current gradually decreases 
with tii.ie. Initially the current remains almost same. As 
the t ‘uchncaf:! of the deposit increases, it will offer greater 
r oniotaece to current flow. The conduction after long periods 
is through the electric double layer present around 

each particle. 
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Effect of -pH ; 

Eigure 3.18 shows the variation of density, yield and 
tliickness with pH of suspension of 3.2 per cent PV/C, The 
other variables for example time 90 sec,, voltage 30 v were 
kept constant. Prom the figure it is seen that thickness, 
yield and density decreases after the pH value of 8,3. 

Effect of Solid Concentration 

Eigure 3,19 shows that increasing amount of solid 
concentration of the suspension improves thickness and yield. 
The density?" values, however, come doi-m after the peak va,lue 
of 3,2 per cent P¥G, The reason for the decrease in the 
density values at higher concentration is, rise in the conduC' 
tivity resulting in higher currents leading to the gas 
evolution at the anode. This leaves the deposit porous and 
accounts for lox'jer density values of the deioosits. 

E ffect of Tine 

Eor a .<';jLven su.spension concentration i.e. at 3.2 per 
cent pyc, pH range 7.8 to 8.2, and 30V, the thickness and 
yield increases mth time. Erom the Eigure 3.20 the density 
values after 90 senonds lower down. 

Effect of Voltafce 

Tl:,; effect of voltage v/as qualitatively studied. Higher 
voltages correspond to the deposits having cracks and 
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Coulombic Yield for Al^O, 

The weight of film deposited may be calculated as a 
function of current. The coulombic yield, the mass of oxide 
deposited per coulomb of electricity is of prime interest. 

To keep the solid to binder ratio constant, for an 
increase in P¥C, there must be an increase in the binder. 

The result of this increase in dispersant is an increase in 
the conductivity of the suspension thereby increasing the 
flow of current at a constant voltage. The number of coulombs 
thus, can be cal ciliated >/ith the knowledge of current flow 
and the time of deposit. Thus, knowing the woi^t of the 
oxide deposited, the coulombic yield may then be determined. 

To.ble 3.3 and figure 3,21 represent this data. Prom 
Figure 3.21 it can be seen that with an increase in the 
current the coulombic yield decreases for alumina untreated 
sam|)lcs A1 and A2. For the treated sample, the yield increases 
with current, roaches maximum to 6,2 mg/coulomb at about 
120 mk and then decreases with current, 

IXuring deposition there must be 0H“ ions travelling 
wdth the purtic3-0 to the anode. These ions must have an 
effect on the oxide particles. Thus, the particles are 
curra.od r.longvdth the 0H“ ions to some extent. Since an 
incrc'.‘''.f3e in the P¥G of the suspension necessitates an increase 
in liicpersant , there must also bo an increase in the organic 
htiru: add., cl to maintain a constant pH level. Thus, there is an 



TABLE 3.3 
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Determinat ion of Go ulombic vifeeld f or each Al ^O j Sample 


Sample 

P¥C 

i 

Current 

(mA) 

Coulombs 
(amp. xtime) 

mg. deposited 
in 90 seconds 

Cohlombic 
yield mg/ 
coulomb 

A1 

3.2 

75 

6750xl0~^ 

86.2 

12.76 


4.0 

114 

10260 

103.0 

10.04 


4.8 

216 

19440 

140.2 

7.21 

A2 

3.2 

80 

7200 

82.4 

11.45 


4.0 

115 

10350 

105.6 

9.71 


4.8 

220 

19800 

135.8 

6, 86 


3.2 

86 

7440 

45.4 

5.87 


4.0 

121 

10890 

68.8 

6.31 


4.8 

236 

21240 

105.0 

6.19 


All the runs performed under an applied voltage of 30 volts 
pH range 7.8 to 8.2 at room tempcra/ture for a period of 
90 seconds. 



mg. 
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increase in tiio OH ion concentration in the suspension 
with an increase in P¥C, This accounts for an increase in 
coulombic yield, with an increase in current. The reverse 
behaviour exhibited by the untreated samples can be attri- 
buted to the fact that this oxide is loss suceptible to- 
foreign ions in the suspension. 

Effect o f Zeta-potential on the Water Oontent of the film 

When oxide particles a,re suspended in polar medium, 
they form hydrogen bonds with OH'" ions in the medium, Tho 
extent of tho f 62 ?r£Eati:bnn.of hydrogen bonds with tho particles, 
depends on the eloctronegativit 3 r and thus, the numiber of 
sites available. During the migration of loarticlos under 
an applied electric field, particles carry OH" ions with 
them. Therefore, water in large quantity is present in the 
deposit. Thus, the interface potential (zetapotontial) can 
bo correlated with the water content in tho deposit. Table 
3.4 shows ca.lc\ilations fox' per cent iirater px'esent in each 
Al 20 ^ sample. 

Tables 3.5 and 3.6 present each powder together -with 
the wi.tor content of the resulting films and zetapotontial 
vain- road from the figures 3.8 and 3.S at proper deposition 
p?, Ac: can ho soon, for each PWC, tho per cent water increases 
’lit’;', tlio zotanotontial, indicating that the particles or 
mic.'.-ITo:: must attro.ct tho polar water molecules and incorporate 
h. .Into tl ■' original film. 
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TABLE 5.4 


Calculation of 

Percent Water _pres.ent 

,in each 

A1 gO^ Saiaplg 

Sample 

PWC 

Wet film VfeigJit. of 

weight, gm gra 

H^O io ■■■•h.t 

A1 

3.2 

0.146 

0.091 

64.3 


4.0 

0.167 

0.105 

62.8 


4.8 

0. 224 

0.155 

60,1 

A2 

5.2 

0,159 

0.095 

68.5 


4.0 

0.165 

0.107 

64.5 


4.8 

0. 220 

0.156 

61.8 

A2S 

5. 2 

0.077 

0.055 

71.2 


4.0 

0.115 

0.078 

67.4 


4.8 

0.214 

0.154 

62.6 


All the runs were performed under an applied voltage of 
50 volts in the pH range 7.8 to 8.2 at room temperature 
for a oeriod of 90 seconds. 




PWC pH 

% 

3.2 7.95 

8.10 

8.15 

4.0 7.8 

8.1 

7.9 

4.8 8.0 

7.8 

8.0 


^ Corresponding Zeta; 
from Pig. 3.8 and 3 
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3.5 


it Water ' in 



Zetapotential*^ Percent Hater 



53.0 

64.3 

69.5 

68.5 

146.5 

71.2 

52.6 

62.8 

69.5 

64.5 

143 . 2 

67.4 

53.2 

60.1 

68 . 2 

61.8 

145.0 

62.6 



valn.es are read 
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TiBIE 3.6 

Ze taP o tent ial an d We ig;h.t of Water i n D eposits 


P¥C pH Zetapotential*^ I'/eight of V/ater 

% -fflv mg 


3.2 

7.95 

53.0 

91 


8.10 

69.5 

95 


8.15 

146.5 

55 

4.0 

7.8 

52.6 

105 


8.1 

69.5 

107 


7.9 

143.2 

78 

4.8 

8.0 

53.2 

135 


7.8 

68.2 

136 


00 

• 

o 

145.0 

134 

cp 

Corresponding 

Zetapotential values 

are read 


from Fig. 


3.8 and 3.9 
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It should also be noted that the per cent water content 
of the filEtt increases with a decrease in PWC but contains 
more water by weight than the one resulting from a low P¥C 
suspension. (Table 5.4). Thus, the two representations in 
the Tables 3,5 and 3.6 show opposite trends. 


Effect of Zetap^ti al on the Weight of Al^O^ Depoj- t^t 
Prom Table 3.7 ou increase in zeta potential results 
in a decrease in the weight of AI 2 O 3 deposited. Further, it 
is seen that an increase in PWC results in an increase in the 
weight of AI 2 O 3 deposited, but a decrease in per cent water 
present in the film (Table 3.4) at constant zetapotential. 

This is evident from the fact that films at the lowest PWC 
value (5.2 cent PWC) contained the highest weight per cent 
of water. It should bo noted, again that these films actually 
contained the lowest amount of water hy weight (Table 3.4), 


,ut bocauoo of the small weight of deposited on these 

)latcs, the per cent water becomes high. 

Thiis, suspensions containing particles of nigh zeta 
,otoirt’'al iiroduoo fnlnr.or films than those containing partiolos 

a i:,on seta potential 1C.CX, at constant P.C. Ho.e.en, - 

xn increase in BV/C rcsnlts in a definite increase in the wexght 


of pigcicnt deposited. 
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liBIE 3.7 

.2.® t apotential a n d 17e i.ght o f A1 ^0 ^ D eposited 


PWC 

pH 

Zetapotential'^ 

-mv 

¥eigiit of 
mg 

3.2 

7.95 

o 

in 

86. 2 


8.10 

69.5 

82.4 


8.15 

146.5 

45.4 

4.0 

7.8 

56. 2 

103*0 


8.1 

69.5 

105.6 


7.9 

143.2 

68.8 

4.8 

8.0 

53.2 

140.2 


7.8 

68.2 

135,8 


o 

CO 

145.0 

105.0 

9 

Corresponding 

Zetapotential values are 

read from 


F 1 , 3 . 3.8 and 3-9. 
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Relationship Between the Weig ht of Al^O^ Dep osited and the 
Rumber of Oonlonibs Passed. * 

The relationship between the niamber of coulombs passed 
and the weight of -^-120^ deposited is given in Table 3.3 and 
Pigure 3.22, Prom Figure 3.22 it is seen that untreated 
samples depositin.l^ger weight than the treated one (activated) 
at any constant level of coulombic flow. Furthermore, by 
referring to Figure 3.2.2", it is soon that untreated alumina 
sample No.Al and A2 follows a linear relationship whereas, 
the treated alumino- sample No.A2S in no way behaves in this 
manner. This disagreement by sample ]Jo,A-2S might be expected 
because of the surface treatment effect on the deposition of 
the particle. 

Quality of the Deposits, 

Colo ur 

All the deposits, immediately after the deposition and 
subsccLUcnt drying were white. The TiO^, deposited on iron 
electrodes, after drying, exhibited yellow to brown stains 
at the upper part, liiis colouring is thought to be the 
result of the formation of iron hydroxide or other complexes 
of Iron and their diffusion into the deposits. The activated 
sample of alumina deposited on graphite substrate showed 
an ycllovr tinge throughout the surface, 

Visual Study. 

The deposits obtained from PVG of 3.2 per cent for 



Weight of :Al 203 deposited , mg 





,0 Treated 
W Untreated 


No. of coulombs passed, 

Fig. 3.22 Graph of weight deposited vs number of coulombs passed 
for AI2.Q3. 
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90 seconds x 50 volts were smooth and uniform with no cracks 
and porosity, Pigure 3.23 ia the photograph of the dried 
alumina deposits of sample A1 from PVC 3.2 per cent. This 
sample was deposited for 90 seconds at 30 volts. However, 
observing through the magnifying glass revealed some porosity 
and microcracks at the edges of the sample. This may be 
the result of non-uniform current density at the edges where 
there is a sharp change in the geometry. 

The photograph (Pigure 3,24) is of the sample Al, 
deposited at 30 V at P¥C of 3,2 per cent for 180 seconds. The 
sample revealed many continuous cracks with the formation of 
little blow holes. Long deposition times yielded thick 
deposits which on drying cracked duo to the escape of water. 

The photograph 3,25 is of sample A2 deposited at 60 
volts and PWC of 3.2 per cent '"'‘10 for 90 seconds. The sample 
before and after drying revealed blow holes and porosity. The 
high potentials for electrophoretic deposition from aqtioous 
suspension causes the gas evolution and the anode and hence 
this defect. 

The photograph (Figure 3,26) is of the sample Al, at FWG 
of 4.8 per cent for 90 seconds at 30 volts. The surface of 
the sample after drying appears to bo that of moon. In this 
case, the alumina appears to have been deposited as agglomerates 
High solid concentration of the suspension does not enable the 
particles to bo in suspension individually but as agglomerates. 



i %J 
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S-|ijn:.\i :gumi n9£y 

The effect of solid concentration, pPI, voltage 
and time of deposition on the quality of film has been presented 
and discussed. Generally, the result of increasing the P¥0 
is an increase in film cracking or peeling due to the escape 
of both the anodic gas and trapped water on drying. 

The weight of oxide deposited was found to 
decrease with the number of coulombs passed. It is also 
noted that an increase in zetapotential resulted in decrease 
in the weight deposit. 

The water content in the film increased with an 
increase in bath concentration. 

In general, it is difficult to isolate each 
parameter in order, to determine its contribution to the 
resulting film. However, it appears that P¥C and pH are 
important, as these determines the thickness and water content 
of the film. 
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CHAPTER 4 

APPLICATIONS 

The science of electrophoretic deposition as developed 
in earlier chapter has been used to tackle some application 
oriented problems. The process of electrophoretic deposition 
has been developed to produce oxidation resistant coating 
on graphite substrate. Also, the coating of NiO-Cr^O^ on 
mild steel substrate has been undertaken in order to obtain 
stainless steel composite after chemical reduction. The 
experimental arrangement and results of this investigation 
are presented in this chapter. 

4-.1 Prenaration of Nickel-Chromium~Iron Comnosites 
4.1.1 Introduction 

Alloy production, by plating of metal surface by 
another metal, has made significant strides in recent years, 
chiefly tb'lrlhg out uniform platings. As an example, chromium 
coating on steel is now-a-days achieved by sprinkling of 
powdered chromium metal or pastes on the substrate followed by 
annealing treatment. The uniformity of the plating depends 
on t}ic ability to create a uniform powder coating. 

Even tljough, elements like Cr and Hi conld be deposited 
by high frequency induction heating in vacuum [32], the 
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technique cannot he universally acceptable as it is not 
economical, from the stand point of high frequency current 
and expensive equipment. Also, powdered metals or pastes 
must bo applied prior to the induction heating procedure. 

The use of electrophoresis in the plating of metal 
substrates has been examined by Sturgeon and Armstrong [ 29 ], 
the plating bath consisting a methylated solution containing 
10 per cent H^Oand 1 millimole/l Al(hO^)^. The steel strip 
which was being plated was coated with 3 micron carbonyl 
nickel powder from this suspension, which amounted to a 
thickness of 1 to 3.4 mils after rolling if/ith 90 tons/in^ 
pressure. 

Caley [10] in 1972 lias used this technique of electro- 
phoresis to produce a coherent and uniform composit of Fe-Cr-Ni 
on iron substrate. The electrophoretic bath was an aqueous 
suspension of a mixture Or^O^ and NiO with polyacrylic acid 
and trie thy lamine. 

Preparation of stainless steel composites by using 
the technique of oloctrophoretic deposition was the aim of 
tho present iiTv;"ostigation. The infoimation available for 
TiO^ sj'stom has been tho basis of investigation in tho develop- 
ment of bath from which NiO and Cr^O^ could be deposited. 

The sintering of NiO + Ci-gO^ deposit under tho hydrogen 
atmospliori! may load to the formation of stainless steel 
coating. 
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4.12 BxporiTxicntal 

Tlio proceduro used in determining tiic optimum plating 
conditions for TiO^ was followed in order to realize the 
optimum plating conditions for NiO and Using the 

information as the pH range (figures 5.6 and 5.7) and per 
cent PUG which yielded the best TiO^ platings simplified the 
process, A P¥C 5.2 per cent in a pH range of 6.5 to 7 was 

found to produce the best films. 

# 

In order to plate HiO and Cr^O^ on an iron substrate, 
the Cr^O^ was plated on HiO surface as well as from a Or^O^- 
HiO mixture, with no difference in the quality or thickness 
of deposit. However, pla-ting from the HiO-Cr^O^ bath is 
desirable because of the advantages of plating from the mixed 
bath. 

As there was a gradual rise in pH of the bath with 
plating, it was necessary to add polyacrylic acid to the bath 
after three-four platings. During plating in each case the 
current xja.s reversed for 5 seconds midi-jay through the plating. 
This was found to eliminate any points of concentrated film 
growth, and resulted in each deposit being uniform and smooth. 


Reduction of ITiO-Cr^O ^ Dep osits 


The reduction of the deposited sample was carried out 
b.y flowing lTydr*ogcn over the samples. Argon was used to 
flush the system before and after the hydrogen flow to ensure 
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that there was no residual oxygen in the system, Ultrapure 
hydrogen was used, and temperature was 1300*^ C, 

A horizontal silicon carbide furnace was used for 
the reduction. The experimental arrangement is shown in 
Figure 4.1. The hydrogen is continuously passed through a 
bubbler, and fused CaCl 2 s-nd finally into the furnace tube 
made of re crystallized alumina. The reaction products were 
made to pass into a sifLphuric acid bubbler before being 
passed into the atmosphere. 

The furnace temperature was measured using a Platinum- 
Platinum 13 per cent Hhodium thermocouple. The temperature 
■was controlled to an accuracy of + 5°C, 

The samples to be redwiced were secured in position by 
means of a slot created with the zirconia boats. Titanium 
sponge was placed in the boats nearer to the sample as shown 
in the Figure 4.1. The purpose of this was to use the minimum 
possible hydrogen flow rate, as it regenerates the hydrogen 
from reaction products. The chemical reaction of the interest 
is as below 

H^O + Tj_ Ti02 + H 2 (4.1) 

The reduction tjas carried out at 1300 °C for 28 hours. 
The samples were furnace cooled, and then sectioned for 
micro str.'ucturo and liardncss measurements. 




SAMPLE ARRANGEMENT 
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4.1.3 Re sults and Discussions 

i ‘ 

V « 

Cliemical Analysis of RiO and C r^O^ in the D eposited Piljn 
from tile Mixed Baths 

The electrodes were plated from a mixture of NiO and 
Cr^O^ laths with varying ratios. Table 4.1 shows the chemical 
analysis of MiO and Cr^O^ contents in the coatings. 

TABLE 4.1 


diEMICAI AEAITSIS OP NiO-Cr^O, DEPOSITS 

2 3 


Sample Cr 26 ^:K'iO 

in the bath 

Per gent 

Cr_0- in 

2 3 

the film 

Per cent 
HiO in 
the film 

Cr^b^: EiO 
in the film 

4 

Isl 

51.82 

4®. 18 

1.05:1 

8 

1;1 

54.22 

45.78 

1.18:1 

15 

2:1 

66.21 

33.79 

1 . 98:1 

18 

3:1 

71.45 

28; 55 

2 . 58:1 

49 

3:1 

71.38 

28.62 

2 . 70:1 

50 

3:2 

CO 

5 

0 

VO 

39.62 

3 . 00:2 

lotc : 

All the rims were made "at 

3.2 per cent 

PWC for 180 


seconds, 30V, and pH'6,5 at room temperature. 


Prom the data 

in the Table 4.1 it can 

be seen that the 

ratio 

of NiO and Cr 20 

„ in the film is almost 
3 

same as that 


of the bat^i from which the plating was obtained. This can 
be; further oi.sphasised that mobility of appear 

to bo almost same and thus, would deposit in the same ratio. 
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Visu al Stu d.v of the Reduced ^jnples ; 

The samples were partly reduced. At the edges it 
showed a metallic luster, A shining streak of 3 mm to 4 mm 
width Tvas observed at the upper part of the deposit. After 
scrapping off the deposit, the inner surface was shinning. 
This may be the result of diffusion of hydrogen at high 
temperatures through the pore structure in the deposit 
thereby, reducing ]?e~Cr20^-IIiO comj)lexes to Te-Gr-Ni 
composites. 

M icro struc tu re and Micro hardness ; 

A transversed section from the reduced site of the 
plate i^ao cut, mounted, polished and etched with 5 per cent 
ITital, The photograph of the micro structure is shown in 
Figure 4.2. It shows the case and core distinctly. The 
case is thought of Fe-Cr-Ni composite on the core of ferrite. 
The structure is annealed. 

The microhardness of the core and tho case is 182 DPH 
and 234 DPH respectively. 

Not^: The further work is in progress. 
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4.2 jPr e para ti on of Oxidation Resistant A l umina C ea tings 

on Graphit e 

4. Introduction 


Metallurgical applications of electrophoretic 
deposition of ceramic compounds on metal a.nd graphite surfaces 
has already been emphasised. Special protective surfaces 
may be produced by depositing ceramic compounds electropho- 

\ 

retically foU-O'rod bjr sintering or post chemical reactionslli]. 


The deposition of alumina on graphite is of 

significance in the light of a variety of potential application 

A coherent sintered deposit would impart much valued oxidation 

resistance to the graphite surface. This will be of wide 

ranging applications in all cases where graphite is exposed 

to oxidizing atmosphere. The process may also be used in 

various alvimina shapes particularly crucibles and flat plates 

of dense or porous materials. Some results in the aforesaid 

direction are presented here. 

4.2.2 Experimental 


0 ' 


Alumina 


Graphite 


ii'.-n l;al 


liatprijils 


Polishin ; grade (imported) particle size 
ranged from 0.3 to 0.8 p. 

Hods wore obtained from cells (1.5 V). 

The r of the material was same as described in 


Chapter 3. 
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Procedure 

Graphite rods of length 2 cm were fired at 750°C 
under vacuum for 15 to 20 mnts to get rid of volatile matter 
and surface impurities. Then they were polished with Linnen 
cloth. These samples were boiled in distilled water for 
about 1 hour and dried in an oven. The specimens were sealed 
in envelope and kept in desiccator until used. 

The same experimental procedure for deposition 
of alumina on graphite was followed as described earlier in 
Chapter 3. The circular cell geometry for deposition is shown 
in Pig. 4.3 The experimental details are given in the 
Table 4. 2. 


TiBIE 4. 2 

Ex perimental De ta ils _f qr Coating of Al oO^-Qa. ,Grapliite 

rods 


Al20^ concentration in the 2.4 ^ 

suspension 

Binder to oxide ratio 1*6 

pH of the suspension 8.75-9.25 

Voltage of deposition 30 V 

Time seconds. 
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Fig, 4.4 shows some alumina coated graphite 
rods before sintering. These rods were dipped in sodium- 
silicate (25 g/lOO ml water), dried and then finally fired 
overnight at about 875°C. in an inert atmosphere of Argon. 

The oxidation characteristics of alumina coated graphite 
rods and those of uncoated ones taken from the same batch 
was carried out at different temperatures in stagnant air 
atmosphere. The oxidation assembly is shown in Fig. 4.5. 

4. 23 Results an d Discussions 

The oxidation characteristics of coated and 
uncoated graphite is shown in Fig. 4.6, From this figure 
it can be seen that the oxidation resistance of coated graphite 
with alumina has increased almost to 15 times than that of 
uncoated one. Fig, 4.7 shows the A-rhenius plot for coated 
and uncoated samples. Both the profiles being parallel 
leads to the same reaction mechanism. The ash content of 
the graphite rods used in the present study was about 8 percent. 
It is felt that some of the impurities in the material.-, work 
as catalyst in the oxidation reaction by bringing down the 
activation energy. The activation energy in the present case 
was found to be 3.75 and 3.49 F! cal/mole for coated and un- 
coated graphite respectively. Similar impurity effects have 
been reported by other workers [s], 

Note: Further improvement vrork is in progress. 




•/e“‘ 


Quartz basket 
Sample 



Apparatus for measuring the rate of 
oxidation of graphite and graphite coated 






0 20 40 60 80 100 120 140 

Time, seconds 


Fig. 4 , 6 -Oxidation characteristics of uncoated and 
coated graphite samples. 



« 'Coated 
A Uncoat 




Fig. 4. 7 - Arhenious plot for coated and uncoated graphite sca^ple 
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COIT OLUSIQITS 

It is possible to deposit fine oxide particles 
Ti 02 , NiOy Or 20^ and Al^O^ on conducting surfaces from an 
aqueous suspension. The bath which exhibited optimum plating 
conditions consisted of 3.2 percent P¥C, with a oxide to 
dispersant ratio 8:1 by weight. The dispersant used was 
polyacrylic acid, and the suspension brought to a pH of 
6,5 to 7.0 by addition of the base tri-ethylamine. For 
AI 2 O 3 , the pH range was however, 7.8 to 8.2. It was found 
that plating times 90 to 120 seconds with a 5 second reversal 
of potential half way through the plating, produced best 
platings. All the platings were conducted under an applied 
constant potential of 30 Y and a current of 75 to 100 milli- 
amps. 

The quality of mixed Ni 0 “Cr 20 ^ deposits 
remained same, whether deposited individtially one over the 
other from separate baths or codeposited from a mixed bath. 

The Cr 20 ^:HiO ratio iaathB.gbath ahd in the coating was almost 
same 

The use of this method of prodticing a nickel- 
chromium plating on mild steel has industrial applications, 
although, further work is needed to ascertain the post 
treatments. 
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powders, have been deposited siiccessf u.lly 
on graphite substrates with the single aim to a,chieve oxidatior. 
resistant coatings. This method can equally beideveloped in 
forming alumina crucibles and tubfes. The alumina coated 
graphite rods further coated with concentrated sodium 
silicate and finally sintered at about 900°C shoi/ed considerable 
oxidation resistance. At 850°C, coated graphite rods 

showed 15 times more oxidation resistant than uncoated ones. 

Our aim has ‘been to get 100 folds increase or even more. 

This work is still in progress. 

The fact that electrophoretic plating reaches 
all the parts of the piece being deposited regardless of the 
shape is a great advantage when plating corners and holes. 

Since the plating is cejrried out at room temperature, no 
additional equipment is required. The fact that only one 
bath is needed for co-deposition purposes is fu.rther saving 
in equipment costs, and the use of an aqueous rather than 
conventional organic media eliminates any fire hazards. 
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